Fosfomycin maintains activity against most Escherichia coli clinical isolates, but the growth of E. coli colonies within the zone of inhibition around the fosfomycin disk is occasionally observed upon susceptibility testing. We aimed to estimate the frequency of such nonsusceptible inner colony mutants and identify the underlying resistance mechanisms. Disk diffusion testing of fosfomycin was performed on 649 multidrug-resistant E. coli clinical isolates collected between 2011 and 2015. For those producing inner colonies inside the susceptible range, the parental strains and their representative inner colony mutants were subjected to MIC testing, whole-genome sequencing, reverse transcription-quantitative PCR (qRT-PCR), and carbohydrate utilization studies. Of the 649 E. coli clinical isolates, 5 (0.8%) consistently produced nonsusceptible inner colonies. Whole-genome sequencing revealed the deletion of uhpT encoding hexose-6-phosphate antiporter in 4 of the E. coli inner colony mutants, while the remaining mutant contained a nonsense mutation in uhpA. The expression of uhpT was absent in the mutant strains with uhpT deletion and was not inducible in the strain with the uhpA mutation, unlike in its parental strain. All 5 inner colony mutants had reduced growth on minimal medium supplemented with glucose-6-phosphate. In conclusion, fosfomycin-nonsusceptible inner colony mutants can occur due to the loss of function or induction of UhpT but are rare among multidrugresistant E. coli clinical strains. Considering that these mutants carry high biological costs, we suggest that fosfomycin susceptibility of strains that generate inner colony mutants can be interpreted on the basis of the zone of inhibition without accounting for the inner colonies. KEYWORDS fosfomycin, susceptibility testing, disk diffusion, mechanism of resistance E scherichia coli organisms have increasingly become resistant to commonly used antimicrobial agents. Of the E. coli strains causing catheter-associated urinary tract infections in the United States, over 30% are now resistant to fluoroquinolones, and up to 16% are resistant to cephalosporins, largely due to the production of extended-spectrum ␤-lactamases (ESBLs) and plasmid-mediated cephalosporinases (1). Fosfomycin is a broad-spectrum cell wall synthesis inhibitor produced by Streptomyces spp. and Pseudomonas syringae. It exerts antibacterial activity by inactivating the cytosolic N-acetylglucosamine enolpyruvyl transferase (MurA),
which prevents the formation of N-acetylmuramic acid, an essential component of peptidoglycan (2) . It maintains activity against the majority of E. coli clinical strains and is now one of the first-line agents endorsed for the empirical treatment of uncomplicated urinary tract infection (3) .
The emergence of fosfomycin-resistant mutants is frequently observed in E. coli under in vitro conditions (4) . This often results from defects in either the GlpT (glycerol-3-phosphate) or UhpT (hexose-6-phosphate) transporter systems utilized by fosfomycin for cell entry, which may occur thorough loss-of-function mutations in glpT or uhpT and their regulatory genes themselves or sometimes in genes that maintain cAMP levels that positively regulate glpT, such as cyaA and ptsI (5) . While data regarding resistance mechanisms underlying fosfomycin-resistant clinical strains remain relatively scarce, a defective GlpT or UhpT system and, in some instances, specific substitutions in MurA have been implicated (5) (6) (7) . The overall resistance rates of fosfomycin remain very low among E. coli clinical strains, likely due to the fitness costs incurred by these GlpT or UhpT transporter mutations, which have been further described to result in decreased growth rates in both laboratory medium and urine (5, 8) . More recently, the plasmidmediated fosfomycin resistance gene fosA3 encoding glutathione S-transferase, which inactivates fosfomycin by catalyzing the covalent addition of glutathione to C-1 of fosfomycin and opening its epoxide ring, has been reported from E. coli clinical and animal strains mostly in East Asia, but its impact appears relatively confined to the region so far (2, 9, 10) .
Susceptibility testing of fosfomycin requires the addition of 25 g/ml of glucose-6-phosphate (G6P) in Mueller-Hinton (MH) medium, which induces the hexose phosphate transport system and increases as well as stabilizes the activity of fosfomycin (11) . For disk diffusion testing, the currently approved disk formulation is 200 g of fosfomycin and 50 g of G6P, with zone diameters of Յ12 mm defining resistance, 13 to 15 mm defining an intermediate, and Ն16 mm defining susceptibility per the Clinical and Laboratory Standards Institute guidelines (12) . However, the interpretation of the disk diffusion susceptibility testing results can be complicated by scattered colonies that emerge within the zone of inhibition in up to 41% of E. coli clinical strains (13) . The resistance mechanism underlying these mutants has not been reported, and the clinical significance of these colonies within the zone of inhibition and how these findings should be interpreted remain uncertain (13, 14) .
The present study was undertaken with the aims of estimating the frequency of the emergence of fosfomycin-nonsusceptible mutants that may confound the interpretation of the susceptibility testing results and also identifying the specific resistance mechanisms of these mutants that emerge upon disk diffusion testing of fosfomycin among multidrug-resistant E. coli clinical strains.
MATERIALS AND METHODS

Susceptibility testing.
A total of 649 unique cephalosporin-resistant E. coli clinical isolates collected at the University of Pittsburgh Medical Center between 2011 and 2015 were subjected to susceptibility testing with fosfomycin using the standard disk diffusion method (15) . The fosfomycin disks (containing 200 g of fosfomycin and 50 g of G6P) and BBL MH agar II were purchased from BD (Franklin Lakes, NJ). When colonies were observed inside the inhibition zone, the test was repeated for reproducibility, and strains that consistently produced inner colonies in the nonsusceptible range (i.e., Յ15 mm) were included in the further studies. Fosfomycin MICs were determined by the agar dilution method with the addition of 25 g/ml of G6P (12) .
Whole-genome sequencing. The parental clinical strains and representative inner colonies, one per parental strain, were subjected to NextSeq whole-genome sequencing (Illumina, San Diego, CA). The reads were assembled de novo using the de Bruijn assembler SPAdes (16) and annotated using the prokaryotic annotation pipeline Prokka (17) . Pairwise gene content differences were assessed initially using blastn queries of annotated genes against contigs, and then sequence reads were aligned to raw sequencing reads using SRST2, a tool for assessing the presence of genes from raw sequencing reads (18) . Large (Ͼ0.5 kb) chromosomal deletions were detected by extracting regions of low coverage (Ͻ5 reads) after aligning reads from the derivative strain to assembled contigs of the parent strain using BWA-MEM (http://bio-bwa.sourceforge.net/) and SAMtools (19) . Single nucleotide polymorphism (SNP) differences and small indels were assessed using nullarbor (https://github.com/tseemann/nullarbor) and breseq, respectively (20) , with the parent strain of each pair as the reference. In silico multilocus sequence typing (MLST) was performed using the Center for Genomic Epidemiology website (https://cge.cbs.dtu .dk/services/MLST/).
Carbohydrate utilization assay. The strains were grown in MH broth at 37°C with shaking overnight. The pellets were then collected, washed twice, and suspended in saline. M9 minimum medium agar containing 0.2% G6P as the sole carbon source was inoculated with this suspension. The growth was observed after incubating at 35°C for 48 h. Strains lacking growth or showing poor growth without the formation of colonies were considered deficient in UhpT function.
Total RNA extraction. Total RNA was extracted from cultures grown in lysogeny broth (LB) at 37°C until they reached an optical density at 600 nm (OD 600 ) of 0.5. RNA was extracted using TRIzol reagent (Thermo Fisher, Waltham, MA) according to the manufacturer's instructions. Contaminating DNA was removed using the Turbo DNA-free kit (Thermo Fisher), and RNA was quantitated by absorbance at 260 nm.
Quantitative RT-PCR analysis. Reverse transcription-quantitative PCR (qRT-PCR) was performed using the Power SYBR green RNA-to-CT 1-step kit (Thermo Fisher). Twenty-microliter reactions were performed in a 96-well format, and reaction mixtures contained either rplB primers (forward, GCTGCG CGTTCTGGGTAA; reverse, TGAACGCCCCACGGAGTT) or uhpT primers (forward, GTTTTATCGGCCTGCGT TAC; reverse, AGAGGAAAATGTTGGCGAAG) at 200 nM and the reaction mix diluted to 1ϫ. RNA was then added to a final amount of 50 ng per reaction. The cycle conditions were as follows: 1 cycle at 48°C for 30 min, 1 cycle at 95°C for 10 min, and 40 cycles of 95°C for 15 s and 56°C for 1 min. Melting curves were generated by 80 cycles of 60°C for 15 s with 0.5°C increments. The results were calculated using the comparative threshold cycle (C T ) method, where relative amounts of RNA were normalized to that of the rplB gene (21) . Changes in fluorescence were monitored using an Applied Biosystems 7500 real-time system (Thermo Fisher). Nontemplate and nonreverse transcriptase controls were included for each run. qRT-PCRs were performed in triplicates with two separate RNA preps with comparable results.
qRT-PCR with the induction of uhpT was performed as previously reported (7) . Briefly, the cells of overnight cultures were collected and washed twice with saline. The pellets were then incubated in M9 minimal medium with or without 0.2% G6P for 30 min at 37°C. RNA extraction and analysis of qRT-PCR were performed as described above.
Mutation frequency. We performed a Luria-Delbruck fluctuation test to determine the mutation frequencies of each of the parent clinical strains (22) . LB (3 ml) was inoculated with approximately 50 cells and grown overnight at 37°C. The following day, 100 l of each culture was spread on LB agar containing 25 g/ml of G6P with either 50 g/ml or 200 g/ml of fosfomycin. As a control, 100 l of each culture was also spread on LB agar plates containing 100 g/ml of rifampin. The resistant colonies were counted after incubating overnight at 37°C. A cell viability count was also performed to calculate the total number of cells. The mutation frequency was calculated by dividing the number of resistant cells by the total number of cells.
Accession number(s). The raw sequence reads underlying the analysis presented in the work have been deposited under accession numbers SRX2676277 to SRX2676282 and SRX2676285 to SRX2676288.
RESULTS
Frequency of mutants with reduced fosfomycin susceptibility. Of the 649 cephalosporin-resistant clinical isolates screened (495 ESBL producing and 154 AmpC or KPC producing), only 20 isolates (3.1%) generated zones of inhibition in the susceptible range but also grew nonsusceptible inner colonies surrounding the fosfomycin disks. Upon repeated disk testing, 5 of these isolates were found to consistently produce isolated colonies within the 15-mm diameter around the fosfomycin disk which defines nonsusceptibility ( Fig. 1) . Of the 5 patients from whom these isolates were identified, a history of treatment with fosfomycin was recorded for one patient who had received an oral dose 25 days prior to the isolation of strain S65. For each of these 5 strains, an inner colony closest to the fosfomycin disk was subcultured and used for subsequent investigation. These inner colony subcultures showed stable and homogenous nonsusceptibility without reverting to the susceptible phenotype. Therefore, a total of 10 strains (5 otherwise fosfomycin-susceptible clinical strains, as defined by disk diffusion testing, and the corresponding mutants with nonsusceptibility identified as inner colonies) were subjected to further investigation. The MICs of these 5 parental clinical strains ranged between 2 and 256 g/ml, whereas the MICs of the corresponding mutant strains ranged between 64 and Ͼ1,024 g/ml ( Table 1 ). The wide range of agar dilution MICs observed for the parental clinical strains likely reflected the outgrowth of spontaneous nonsusceptible mutants.
MLST. Two of the 5 strains belonged to sequence type (ST) 131, which is the global epidemic multidrug-resistant (MDR) clone (23) . The remaining 3 strains belonged to ST405 (founder of clonal group [CG] 405), ST4981, and ST624 (part of CG648). CG405 and CG648 are also recognized as international MDR clonal lineages (24) .
Sequencing of the paired clinical strains and mutants with reduced fosfomycin susceptibility. The 10 strains were sequenced by NextSeq (Illumina), and the genomic differences between the clinical strains and their corresponding strains with reduced susceptibility were identified. There were no SNPs or insertion/deletions in glpT, murA, ptsI, or cyaA, which are genes that have been associated with fosfomycin resistance. On the other hand, 4 of the 5 mutant strains lacked the uhpT gene encoding hexose-6phosphate transporter, which was present and intact in the corresponding clinical strains (Fig. 2 ). The first mutant (S60) had an ϳ13-kb deletion of uhpA-uhpB-uhpC-uhpT-adeD-adeQ-yicN-nepI-yicS genes. The second mutant (S62) had an ϳ22-kb deletion of uhpA-uhpB-uhpC-uhpT-adeD-adeQ-yicN-nepI genes. The fourth mutant (S68) had an ϳ16-kb deletion of yidK-yidJ-yidI-yidG-yidF-emrD-tisB-istR-ivbL-ilvB-ilvN-uhpA-uhpB-uhpC-uhpT-adeD genes. The fifth mutant (S70) had an ϳ10-kb deletion of uhpA-uhpB-uhpC-uhpT-adeD genes. uhpT was present and intact in the third (S66) mutant. However, S66 contained a nonsense mutation leading to a premature stop codon in uhpA, truncating the gene from 591 bp to 283 bp. UhpA is required for the expression of uhpT in vivo (25) .
Expression of uhpT. The expression of uhpT was 12.4-to 74-fold lower in the four mutants (S60, S62, S68, and S70) missing uhpT in the genome than in their corresponding parental strains, likely indicating nonspecific amplification at higher cycles. S66 showed 3.7-fold lower expression of uhpT than the corresponding clinical strain. However, in the qRT-PCR analysis with G6P induction, uhpT expression from S65 was strongly induced (4,779-fold Ϯ 2,994-fold) by G6P, whereas significantly lower induction of uhpT (2.2-fold Ϯ 0.4-fold) was observed in the corresponding mutant S66 (P ϭ 0.002 by an unpaired t test).
Mutation frequency. The mutation frequencies of the 5 clinical strains ranged from 10 Ϫ7 to 10 Ϫ11 when selected on 50 g/ml fosfomycin plates containing 25 g/ml G6P. Three uhpT deletion mutants had no SNP differences compared with their parental genomes, while the remaining one (S70) had a single SNP compared to the parent genome. On the other hand, the genome of the uhpA mutant (S66) with a mutation frequency of approximately 10 Ϫ7 was found to have 51 SNPs compared with the parental genome (S65). Strain S65 produced abundant inner colonies approaching the fosfomycin disk (ϳ100 colonies) upon multiple disk diffusion tests relative to the strains with uhpT deletions (ϳ3 to 20 colonies in the nonsusceptible range) ( Table 1 , Fig. 1 ). Carbohydrate utilization. All 10 strains grew on M9 minimal agar medium supplemented with 0.1% glucose (positive control), whereas none grew on M9 minimal agar medium without supplementation (negative control). All 5 clinical strains grew on M9 minimum agar medium supplemented with 0.2% G6P. However, none of the 5 fosfomycin-nonsusceptible mutants grew on this medium, confirming the lack of functional UhpT activity in these mutants.
DISCUSSION
Fosfomycin is increasingly used for the treatment of uncomplicated urinary tract infection because of the increasing resistance of E. coli to other oral agents (e.g., ciprofloxacin and trimethoprim-sulfamethoxazole) (3). Fosfomycin maintains in vitro activity against the vast majority of E. coli clinical strains, with reported susceptibility rates ranging between 94 and 99% (26) (27) (28) . It is well acknowledged that resistance to fosfomycin can readily emerge spontaneously in vitro when conducting susceptibility testing (13, 29, 30) . As fosfomycin use increases, the demand for susceptibility testing of this agent is expected to rise. In clinical microbiology laboratories where fosfomycin susceptibility testing is not performed routinely, the most practical methods of testing include the disk diffusion method or Etest. However, the frequency at which the spontaneous nonsusceptible mutants emerge within the zone of inhibition and the underlying mechanisms of fosfomycin nonsusceptibility in this context have not been reported.
The findings from our study put this observation into context. While inner colonies within the inhibition zone were observed in as many as 5.7% of the cephalosporinresistant E. coli clinical isolates at our hospitals, those that could affect interpretation (i.e., for susceptible-to-intermediate [minor error] or susceptible-to-resistant [major error] isolates) occurred only in 3.1% of isolates initially and in 0.8% upon repeat testing. Therefore, the occurrence of diagnostic uncertainty caused by spontaneous fosfomycin-nonsusceptible mutants that emerge in the process of disk diffusion testing appears to be relatively rare.
Fosfomycin resistance is rare in E. coli but can occur from decreased transport across the outer membrane, from a reduced affinity of the target enzyme MurA, or from the production of FosA-family enzymes that inactivate fosfomycin (31) . Of these mechanisms, the loss of function of hexose-6-phosphate transporter UhpT or glycerol-3phosphate transporter GlpT, through changes either in the transporter genes themselves or in their regulatory genes, is the most common pathway to fosfomycin resistance (7, 14, 21, (32) (33) (34) . Changes in the phosphoenolpyruvate protein phosphotransferase I gene (ptsI) and adenylyl cyclase gene (cyaA) are also reported to impact the expression of UhpT and GlpT through the modulation of cAMP levels (31) . More recently, the exact contribution of each of these genes in resistance was demonstrated by using specific single or double gene knockout strains of E. coli (35) . In our investigation, the 5 mutants with reduced fosfomycin susceptibility either lacked the expression of hexose-6-phopshate transporter gene uhpT or had poor induction of uhpT due to a nonsense mutation in uhpA, which is essential for the induction of the transporter. A nonsense mutation in uhpA occurred in a strain that demonstrated a hypermutator phenotype and produced isolated yet abundant fosfomycin-nonsusceptible inner colonies. For all 4 strains without uhpT expression, large independent deletions spanning 10 to 22 kb including uhpT were identified by whole-genome sequencing. Therefore, for nonhypermutator E. coli strains, en bloc deletion of the genomic region containing uhpT and its regulatory genes appears to be the predominant pathway leading to spontaneous fosfomycin nonsusceptibility.
Fosfomycin resistance due to defective UhpT or GlpT is reported to confer high fitness cost, and strains with such resistance are known to be outcompeted by strains that are susceptible to fosfomycin (5) . The European Committee on Antimicrobial Susceptibility Testing (EUCAST) now recommends ignoring isolated inner colonies within the zone of inhibition when interpreting fosfomycin susceptibility by the use of disk diffusion testing (http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/ Breakpoint_tables/v_7.1_Breakpoint_Tables.pdf). We could not correlate our observations clinically, as only 1 of the 5 patients with strains producing fosfomycinnonsusceptible inner colonies had a history of treatment with this agent. However, our data, combined with the known biological costs of this resistance mechanism, appear to support this EUCAST approach until further clinical correlations are made.
In summary, fosfomycin-nonsusceptible inner colonies that emerge upon disk diffusion susceptibility testing of E. coli are due to the loss of functional UhpT, but the incidence of such mutants that actually affect susceptibility interpretation is low. Coupled with the knowledge that fosfomycin-nonsusceptible E. coli strains due to transporter defects carry high biological costs, we suggest that E. coli strains that generate isolated nonsusceptible colonies within the zone of inhibition in the susceptible range can be interpreted as susceptible to fosfomycin.
